The aim of this work is to know clearly the effects of temperature in response to curing condition, hydration heat, and outside weather conditions on the strength development of high-performance concrete. The concrete walls were designed using three different sizes and three different types of concrete. The experiments were conducted under typical summer and winter weather conditions. Temperature histories at different locations in the walls were recorded and the strength developments of concrete at those locations were measured. The main factors investigated that influence the strength developments of the obtained samples were the bound water contents, the hydration products, and the pore structure. Testing results indicated that the elevated summer temperatures did not affect the early-age strength gain of concrete made using ordinary Portland cement. Strength development was significantly increased at early ages in concrete made using belite-rich Portland cement or with the addition of fly ash. The elevated temperatures resulted in a long-term strength loss in both belite-rich and fly ash containing concrete. The long-term strength loss was caused by a reduction in the degree of hydration and an increase in the total porosity and amount of smaller pores in the material.
Introduction
High-performance concrete is being used increasingly in the construction of high-rise buildings, bridges and marine structures. If high strength concrete is used for columns or other large section members of massive concrete structures, the center temperature of the members will rise rapidly at early ages due to hydration heat and the high temperatures will remain in the member for a relatively long period of time due to the low thermal conductivity of concrete. High temperatures generally accelerate the early-age strength development of concrete, while reducing the long-term strength development. These elevated temperatures will result in physical and chemical transformations in the concrete [1] [2] [3] [4] [5] [6] [7] . Various researchers have studied the microstructure and hydration to explain these effects. It has been reported that the loss of long-term strength is induced by both physical effects and chemical effects. The physical effects are an increase in porosity and an increased incidence of microcracking in cement paste, the latter caused by large differences in the thermal expansion coefficients of the concrete constitutes [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The chemical effects include changes in the structure of the hydration products and the loss of water in concrete [19] [20] [21] [22] [23] [24] . Most of the research on cement paste, mortar, and concrete was conducted with the specimens hydrated at room temperature, on a level surface and during the early stages of hydration. There is not enough information available on high-performance concrete curd at elevated temperatures, in mass structures. Studies on the effects of outside weather conditions on the strength development of high-performance concrete in mass structures are very scarce in the technical literature.
This research provided the data needed to set a limitation on the maximum permissible internal temperature of a mass structure, such as a nuclear facility structure, a bridge foundation, or a marine structure, to ensure the structure is strong 2 Advances in Materials Science and Engineering and durable. In this paper we will report on some experimental work investigating the compressive strength gain at varying temperatures during the mixing, placing, and curing of concrete in mass structures. Concrete walls were designed having three different depths, being 1.5 m, 0.8 m, and 0.3 m, composed of three different types of concrete, and processed under two different climate conditions. Temperature histories at different locations in the walls were recorded and the compressive strength, the degree of hydration products, and the microstructure of the concrete at those locations are presented.
Experimental Design

Mixing and Materials.
Three types of concrete were used in this study: concrete made with ordinary Portland cement (OPC), with belite-rich Portland cement (BPC), and with ordinary Portland cement supplemented with 40% fly ash (FPC). This level of fly ash has been increasingly used for high-performance concrete in mass structures. The properties of the cement are shown in Table 1 . Fly ash conforming to JIS A 6201 had the properties as given in Table 2 . The aggregate consisted of crushed sandstone (maximum size: 20 mm, density: 2.65 g/cm 3 , absorption: 0.72%, and fineness modulus: 6.0) and construction sand (density: 2.58 g/cm3, absorption: 2.07%, and fineness modulus: 2.69). An air reducing agent and a high range water reducing agent were used as admixtures. Their amounts are given in Table 3 . The concrete was mixed in a twin shaft-type mixer (200 L). After first mixing the mortar for 50 sec., the coarse aggregate was added and the resulting concrete was mixed for another 90 seconds. The mixing was conducted in the summer and in the winter to provide the two types of weather conditions. In Table 3 , the composition and the properties of the fresh concrete are presented.
Design of Model Walls and Curing.
To investigate the variation of long-term strength in actual concrete walls subjected to different curing temperatures, three model walls were designed. The model walls are shown in Figure 1 . The depths of the walls were similar to those in an actual nuclear power plant, namely, 1.5 m, 0.8 m, and 0.3 m. In order to simulate an actual long wall, the circumference of the wall's depths direction was insulated with a layer of 200 mm thick polystyrene and the square surfaces of the wall were exposed to the open air. The walls were cast in 20 mm plywood formwork. The formwork was removed at 72 hours after casting. Core cylinders (100 × 200 mm) were taken from the walls at 3, 7, 28, and 91 days and used for compressive strength, pore structure, and hydration products measurements. For comparison, concrete cylinders were also cast in steel molds.
All cylinders were removed from the steel molds 24 hours after casting. Sealed cylinders were sealed in polyethylene sheeting and then stored in a curing room at 20 ∘ C. The standard cured cylinders were stored in water at 20 ∘ C.
Testing Procedure.
Temperature histories at different locations in the walls were recorded using thermocouples, shown in Figure 1 . Cores, standard, and sealed cylinders were tested for compressive strength at 3, 7, 28, and 91 days. A portion of the concrete cylinders were cut into approximately 5 mm cubes using a diamond saw. These fragments were immediately immersed in acetone to prevent further hydration. Thereafter, all fragments were D-dried for about 2 weeks. Then the fragments were carefully ground by hand until a sample powder was obtained, which could pass through a 45 m sieve and was suitable for the determination of calcium hydroxide (CH) contents and bound water contents. The amount of calcium hydroxide was determined by differential scanning calorimeter (DSC). The amount of calcium hydroxide was determined by ignition loss experiments. The porosity and pore size distribution were determined using mercury intrusion porosimetry (MIP). The pressure applied ranged from zero to 240 MPa. The 5 mm cubes for MIP measurements were also D-dried for about 2 weeks before testing. after casting in BPC, and FPC was achieved at 34 hours. The maximum temperature at the surface of the same members was 74 ∘ C, 60 ∘ C, and 55 ∘ C respectively. The temperature differential between the center and the surface of the concrete was greatest in the FPC mix. The temperature rise in FPC walls was smaller than that of BPC walls, except at the center of 1.5 m deep wall. The 1.5 m FPC walls showed a significant increase in temperature due to an increase in the rate of the pozzolanic reaction of fly ash. This can be attributed to the latent hydraulic properties inherent in fly ash. According to Fraay et al. [25] , the glass material in fly ash is broken down when the pH value of the pore water is at least about 13.2. The increase in alkalinity required for the fly ash reaction is achieved through the reaction of the Portland cement. Accordingly, the slower hydration results in a more gradual development in temperature. Additionally, the high elevated temperature in the FPC wall was sustained for a relatively long period of time. Under winter condition (temp. 9 ∘ C), the temperature histories obtained in each wall's location reflected the difference in outside temperature between summer and winter. The initial mixing temperature significantly affected the maximum peak temperature and the retardation period.
Test Results and Discussion
Compressive Strength Development.
The compressive strengths of core, standard, and sealed specimens of concrete made under summer and winter conditions are listed in Table 4 . The compressive strength of the standard specimen cured in water at 20 ∘ C was higher than that of the sealed specimen. It is generally known that a low water to ratio in concrete mix leads to the possibility of selfdesiccation and limitations on continued cement hydration, which explains the differing strength between specimens. Thus, the availability of external water is required to enable hydration to continue uninhibited. The strength development of concrete made under winter weather conditions was faster than that of concrete made under summer conditions, both for the standard and sealed specimens. These results are very interesting because we usually thought the high mixing temperature increases the compressive strength at early ages. The compressive strength of the core specimen was higher than that of the standard specimen at early ages due to the higher temperatures attained in core. However, the 1.5 m depth wall made under summer conditions using OPC behaved differently. In this sample, the elevated temperature did not affect the strength development at any age. In OPC, the strength of the core specimen made under winter conditions was significantly higher than the comparable specimen made under summer conditions. Such was not the case for the concrete made with BPC and FPC. In these samples, the strength of the core specimens made under winter conditions was lower than those made under summer conditions. In the summer, core strength of BPC samples was significantly increased at all ages regardless of the size of the walls. However, in the winter, the strength development of BPC was lower than that of OPC, except for the core specimen at the center of the 1.5 m deep wall at the longest ages. The influence of temperature on the compressive strength can be clearly described in terms of a relative strength ratio defined against the strength of a standard specimen cured in water at 20 ∘ C. Using this measure, Figure 3 shows the effect of temperature on all of the compressive strength data for the three types of concrete. As shown in Figure 3 , the center of the 1.5 m deep wall made under summer conditions with OPC has a 3-day compressive strength which is 108% that cured under standard conditions. By contrast, specimens from the center of 1. a 3-day compressive strength which was 180% and 176% of the standard. At 91 days, however the strength ratios dropped to 77%, 79%, and 77% of the standard, respectively, for the OPC, BPC, and FPC samples. The strength development of the core specimen made with OPC was not related to the maximum internal temperature at early ages. However, the use of belite-rich Portland cement and fly ash significantly increased the strength development at high temperatures. Figure 4 shows the results of compressive strength tests of concrete cured under winter weather conditions. The 3-day compressive strength at the center of 1.5 m deep wall made using OPC is 125% that concrete made under standard curing conditions. The center of 1.5 m wall made with BPC and FPC had 3-day compressive strengths which were 162% and 135% that of the standard sample. At 91 days. However, the strength ratios were 90%, 87%, and 83% for OPC, BPC, and FPC, respectively. The strength of winter cured concrete first fell down below that of the standard samples at 7 days. Figure 5 shows the change in the amount of bound water in the hydration products for the material produced under summer weather conditions. The amount of bound water in the core specimen cured at high temperature was larger than that of the standard specimen at early ages. However, after 7 days, in the OPC sample, and after 28 days, in the BPC and FPC samples, bound water content of these core specimens was lower than that of the standard specimen. Rodger and Groves [21] suggested that hydration at normal temperatures provides sufficient time for the hydration product to diffuse and precipitate relatively uniformly throughout the interstitial space between the cement grains. But accelerated hydration by an increased curing temperature does not allow time for the diffusion of the hydrates. Consequently, it will produce a high nonuniform distribution of the hydrated products in the paste. The nonuniformity causes a reduction of strength at long curing times. The addition of fly ash increases the bound water content at early ages for the core specimen cured at high temperature perhaps because a rise in curing temperature speeds up the rates of the cement hydration and pozzolanic reactions. The pozzolanic reaction contributes to a decrease in the calcium ion concentration in the liquid phase, attributed to an acceleration of calcium dissolution from the cement grains [26] . The change in the amount of calcium hydroxide is shown in Figures 6(a) and 6(b) . The amount of calcium hydroxide in the core specimen made with the OPC is higher than that of the standard specimen because it is directly related to the degree of hydration. In a mass structure, the higher temperature leads to an increase in the degree of hydration. However, no significant difference in calcium hydroxide content was found in any of the BPC specimens. The use of fly ash reduces the amount of the calcium hydroxide due to the pozzolanic reaction and so samples made with FPC showed less calcium hydroxide than the standard specimen.
Hydration Products.
The pozzolanic reaction in FPC accelerates with an increase in the initial internal temperature and so the thicker wall exhibited less calcium hydroxide than the thinner wall. . Figures 7(a) and 7(b) show the porosity results as determined by MIP. The total porosity of the OPC-based samples at center of the 1.5 m deep wall, cured under summer conditions, was 2.3% less than that of the standard specimen at 3 days. Comparable values for BPC and FPC samples showed 5.0% and 2.0% reductions, respectively. After 7 days, the total porosity of the core specimens began to increase with increased concrete temperature. The total porosity of the BPC and FPC materials exhibited a slight increase at 28 days and a significant increase at 91 days. The addition of pozzolanic materials increases the total porosity. Palardy et al. [18] explained that the dissolution of the calcium leaching originates mostly from the calcium hydroxide and the decomposition of ettringite at high temperature which will contribute to the increase in porosity.
Pore Structure
The total porosity of concrete made under winter conditions was smaller than that of concrete made under summer conditions. In particular for OPC and BPC samples, the amount of larger pores, greater than 100 nm, was remarkably reduced when compared with summer cured samples. As shown in Figure 7 , the pore size distribution also changed as the concrete temperature increased. With an increase in temperature, the number of larger pores decreased and the number of smaller pores increased, particularly for pores in a size range between 5 and 50 nm as measured by MIP. This suggests that as the hydration process proceeds, the pore sizes are reduced and the peak of the distribution curve shifts toward small pores.
Conclusions
The main conclusions of this paper can be summarized as follows.
(1) The type of cementitious material, the structural member size, and the curing climate were shown to significantly affect the initial internal temperature of mass concrete structures. Elevated temperatures did not affect the early-age strength gain of concrete made with ordinary Portland cement cured under summer weather conditions, but the concrete made with belite-rich Portland cement or fly ash showed a significant increase in early-age strength development. Elevated temperatures resulted in long-term strength loss for all materials.
(2) The bound water content of core specimens cured at elevated temperatures was larger than that of the standard specimen at early ages. However, the bound water content was lower than that of the standard specimen after 7 days for the OPC sample and after 28 days for the BPC and FPC samples. This trend could be correlated to a similar trend in compressive strength.
(3) The use of fly ash in mass concrete structures reduces the amount of calcium hydroxide due to the pozzolanic reaction. The pozzolanic reaction accelerates with an increase in the initial internal temperature and hence less calcium hydroxide was present under summer curing conditions.
(4) The total porosity of the core specimens cured under elevated temperatures was higher than that of the standard specimen. The porosity appeared to rise after 7 days in the OPC material and after 28 days in the BPC and FPC materials. The total porosity of the concrete made under winter weather conditions was smaller than that made under summer weather conditions. Due to the elevated internal temperatures in the structures, the peak of the pore size distribution curve was shifted toward the direction of smaller pores and the number of smaller pores was increased.
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